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Microgating carbon nanotube field emitters by in situ growth inside open
aperture arrays
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Multiwalled carbon nanotubes were grown using chemical vapor deposition inside small apertures
having a horizontal gate and a sidewall insulator spacer. Emission currents up to 140 nA per cell at
63 V have been obtained. These arrays have exhibited a gate current as low as 2.5% of the anode
current throughout the entire gate voltage range, representing the lowest gate to anode current ratio
of gated nanotube emitters reported to date. We attribute this feature to the emitter geometry and
method of fabrication. The overall fabrication method required only a few and simple processing
steps. [DOI: 10.1063/1.1472463

One of the first applications of carbon nanotubel8Ts)  frequency amplifiers, high-voltage switches, portable x-ray
has been their use as field emitters on account of their naturaburces, multibeam electron-beam lithography, radiation and
material, structural, and electronic properties which satisfytemperature-insensitive electronics, space craft propulsion,
many demanding requirements for field emission, includingand electrostatic charge management.
stability, robustness, low voltage, high current-carrying ca-  Gating of cNT emitters has been undertaken only within
pacity, and mechanical strength. A key factor to their stabilitythe last two years. A common technique involved the use of
as field emitters is the lack of a nonvolatile surface oxidea cNT pastécNTs mixed in a binding matrjxin conjunction
Surface oxide formatiofsuch as on metal or silicon emit- with screen print or lithographic technology and the fabrica-
ters increases the work function, impedes electron transportjon of “grid gates,”® “under-gates,”® “normal gates,”®8
and makes the effective work function variable during emis-and “drilled gate holes.? All the gate diameters used in
sion. Furthermore, surface oxides could be the main causgese studies were quite large-80um). The operating
for field emitter arrayFEA) catastrophic destruction by trap- voltages for these configurations range from low to high
ping charge which could lead to arcihgCarbon nanotubes (threshold gate voltages from 20 V to over 70 V at high
are also less likely to form nanoprotrusions as metal an@node voltages With the exception of the work of Ito and
silicon cathodes do, thus reducing the probability of currento-workers’ the gate currents were either quite Higliover
runaway’ Their small diameter§2—50 nm and high aspect 509 or not reported. A cNT paste technology was also used
ratios enable the high electric field enhancement for lowhy Wang and co-worket8in filling large gate aperture80
voltage operation, despite the relatively high work function,m) which had prefabricated sidewall insulator spacers.
(~5.0eV for graphitg They are resistant to blunting by Relatively low-threshold voltages~25 V) and significant
residual back ion bombardment, especially when placed veate current~30% of anode currehvere observed.
tical to the substrate, since the nanotube diameter remains To date five articles on integral microgatenh, situ
the same even when material has been removed from byrown cNT FEAs with demonstrated emission have been
sputtering. published:(1) Lee and co-workef$ have grown cNTs inside

The most commonly studied cNT emitters involved ag.7-um-diam open gated apertures and have reported a low
diode configuration in which the cNTs, grown or placed asthreshold voltage and the anode current-gate voltage charac-
dense mats on substrates, were positioned at a known sepgristics. The gate current was not reporté?). Talin and
ration from an anode, to which a positive potential was apto-workers?? large aperture structures produced low thresh-
plied to induce field emission from the cNTs. Although very (g voltages but high gate currents3) Perio and
low turn-on voltagedas low as 1-2 V peum) were mea-  co-workers® reported very low-threshold voltages but did
sured, the voltages used were still too high for most applicap gt report on the gate current for thein@n-diam integrally
tions because the cNT—anode separations were usually |ar@%ted structureg4) Ahn and co-workers have grown cNTs
distances. In addition, many device applications, such as flahside open trenches with a buried gitereported triode
panel displays, require precise control of the array pixelSgmission but did not show data plot&) Our group has
thus precluding a diode configuration. Hence, gating of th?}rown cNTs on the tops of gated silicon posts as well as
emission by the placement of a third electrode in close anghside open gated apertursi®=17Our cNT-on-silicon post
precise proximity to a group of cNT emitters is necessary %onfiguratio’ had a significant gate curretit 30% of an-
lower the operating voltage as well as afford precise localye current The open gate aperture configuration, which we
control of emission. Gating is necessary to enable certaiescribe in greater detail in this letter, has the lowest reported
applications which include field emitter displays, high- yate current of cNT FEAS to date. The scarcity of reports on
thein situ growth approach is largely due to the difficulty of
dElectronic mail: dhsu@ccf.nrl.navy.mil controlling the growth of c¢NTs (both in length
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spacer

gate

S| SUbstrate FIG. 2. Scanning electron micrograph of a cell at 45° tilt angle showing
multiwalled nanotubes grown on the sidewall of the oxide spacer. The gate
diameter and the oxide spacer thickness are 1.7 and/M85espectively.

FIG. 1. Schematic drawing of a starting template cell structure showing

oxide spacer lining vertical sidewall of gated aperture. was then placed in a cold-walled hot filament-assisted CVD
reactor for nanotube growth under same conditions as in Ref.
and direction as well as maintaining gate material integrity 17 except that ethylene was used as the carbon precursor.
at the high growth temperature. The top surface of the sample proved to be relatively
Figure 1 shows schematically the starting template strucfree not only of cNTs but also of amorphous carbon, which
ture with a sidewall spacer. The general fabrication steps ofvas necessary to prevent shorting of neighboring arrays.
arrays of these starting template structures were similar tdests on witness oxide surfaces under similar growth condi-
those used in our previous work in fabricating gated vertications showed them to remain highly insulating. No cNT grew
thin-film edge FEAS®° The same starting template struc- on the chrome gate because any remaining Fe apparently
tures were adapted in our fabrication of gated cNT FEAs. diffused into or alloyed with chrome at the high growth tem-
The processing steps are as followd: Gate insulator con- peratures, thereby losing catalytic activity for cNT growth.
sisting of 0.5um-thick thermal silicon dioxide was grown No significant amorphous carbon on the catalyst-free top sur-
on a silicon (100 wafer. (2) The gate is a 150-nm-thick face was found due to the excess ammdni&, ammonia-
boron-doped amorphous silicon layer deposited by low presderived radicals such as H, NHand NH likely reacted with
sure chemical vapor depositig€VD), followed by evapo- carbor. Using a scanning electron microscoffEM) we
rative deposition of 50 nm of chromé3) Arrays of small observed multiwalled cNT growtlwith 20—30 nm diam-
holes in photoresist were patterned on the wafer using phaeters inside the apertures, both on the bottoms and on the
tolithography.(4) With the photoresist as mask, ion milling sidewalls. TEM analysis of cNTs grown under same condi-
was used to remove the chrome from the exposed h(Bgs. tions showed a significant “bamboo-like” segment feature
Reactive ion etchingRIE) was used to etch holes through within the tubes.
the amorphous silicon and thermal silicon dioxide, and at Figure 2 shows a SEM photograph of a cell of a gated
least 100 nm into the silicon substrai@®) Low pressure cNT FEA grown at 700 °C and 22.4 Torr total pressure for 2
CVD was used to deposit a blankétlose to conformal min 45 s. The gate aperture diameter and the oxide spacer
layer of silicon dioxide over the wafe(7) Directional(RIE)  thickness were 1.7 and 0.36n, respectively. This particular
was then used to remove the silicon dioxide layer from thearray had 40 cells, and SEM examination showed that every
top horizontal surface of the wafer while leaving the verticalcell had many cNTs extending from the bottoms and side-
sidewall portion intact. Some overetching ensured that thevalls. The cNTs were relatively short and the ones closest to
silicon dioxide at the bottom of the holes was removed. Thehe gate were attached to the upper portions of the sidewall
resulting structure was a gated aperture narrowed in its dief the oxide spacer. Field emission would more likely take
ameter by a vertical sidewall silicon dioxide spacer. Thisplace from these closest cNTs, since the sidewall should be
spacer will ultimately serve as a part of the insulator betweein electrical contact with the underlying silicon substrate
the nanotubes and the gate. Gated arrays, each consistingtbfough a “mat” of cNTs, and through carbonaceqfi®m
small number of aperturgesumbering 10—4pwere isolated catalyzed growthand residual catalyst deposits on the side-
from each other by thermal oxide regiofi®., after remov- wall and the bottom surfaces. We also believe that growing
ing chrome and amorphous silicon from these regions relatively short cNTs affords better control in preventing cNT
The cNT growth process began with sputter depositiorshorting to the gate, compared to growing long cNTs exclu-
of a thin film of Fe (<20 nm) onto the starting substrdtit  sively from the bottom of the aperture. As shown in Fig. 2,
into 1X1 cm samples Because the sputtered Fe was notmany of the nanotubes near the top of the aperture had a
collimated, Fe would be deposited not only on the top sursignificant horizontal componefyparallel to the top surfage
face of the sample and the bottoms of the apertures but alssmd pointed toward the center part of the gate aperture. The
on the sidewalls in the apertures. The sample was sputtereside portions of the nanotubes might also contribute to emis-
using an Ar ion beam at a glancing angle of 15° with respecsion by emitting from defects sites, according to observations
to the surface, in order to remove the Fe from the top surfacef Chen and Sha#/ on field emission dependence on nano-

without removing it from inside the apertures. The sampletube orientation.
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10UF o Anode current uted to the small gate diameter and a spacer thickness that
A Gate current was a significant fraction of the gate diameter so that any
1y part of the gate edge could still exert significant field on all
the emitting cNTs at low voltages.
100n In conclusion, we report the fabrication of a microgated
< cNT FEA, in which cNTs were grown in small diameter open
i,:-: 10n apertures with insulator sidewall spacers. We believe that the
g most effective cNT emitters were grown on the upper por-
© 1n tions of the spacer sidewall. We have demonstrated low-
voltage and lowest gate current operation which we attrib-
100p 1 uted to our unique emitter cell geometry and method of
fabrication. Further emission characterization in regard to
10p long-duration stability, effect of ambient gases, electron en-
. . . ergy distributions, and nanotube—substrate interfaces are in
tp 40 45 50 55 60 65 progress. The manufacture of these FEAs should be very
Gate Voltage (V) economical given the few simple processing steps.

FIG. 3. Emission current—voltage characteristics from an array of 40 cells ~ 1h€ author is grateful to NRL/ONR for funding, Dr. J.

corresponding to Fig. 2. Inset shows a Fowler—Nordheim plot of the anod&Shaw(NRL) for the emission measurements and useful dis-

current. cussions, Dr. T. Wittlowa State University Microelectronics

Centey for template fabrication, Dr. K. Piersafuniversity

Emission characterization was carried out in an ultraof Wisconsin, Eau Claigefor TEM measurements, Dr. J. E.

high vaccum chambetbase pressure 16° Torr) equipped  Butler (NRL) for providing the CVD reactor, and Dr. R. J.

with cathode, gate, and anode probes with computerized dazolton (NRL) for encouragement and support.

collection for current—voltage, current—time, and electron

energy distribution characteristics. The anode probe was

placed about 1 mm from the arrays and an anode voltage ofJ. Shaw, J. Vac. Sci. Technol. B8, 1817 (2000.
200 V was used. 2K. A. Dean and B. R. Chalamala, Appl. Phys. L&t 3017(1999.

. . .. 3N.S. Lee, D. S. Chung, I. T. Han, J. H. Kang, Y. S. Choi, H. H. Kim, S.
Figure 3 shows the current—gate voltage characteristics Park, Y. W. Jin, W. K. Yi, M. J. Yun, J. E. Jung, C. J. Lee, J. H. You, S.

of the 40-cell array corresponding to Fig. 2. The threshold H. jo, C. G. Lee, and J. M. Kim, Diamond Relat. Mattg, 265 (2007.
gate voltage was about 35(Z nA at 35 \), and a current of ~ *J. H. Kang, Y. S. Choi, W. B. Choi, N. S. Lee, Y. J. Park, J. H. Choi, H. Y.

5.6 uA was obtained at a gate voltage of 63 V. This current Kim. Y. J. Lee, D. S. Chung, Y. W. Jin, J. H. You, S. H. Jo, J. E. Jung, and
J. M. Kim, in Electron-Emissive Materials, Vacuum Microelectronics and

corresponded to about 140 nA per Ce_”' The V_ery IOV\_’ gate piat-panel Displaysedited by K. L. Jensen, W. Mackie, D. Temple, J. T.
current(about 1/40 of the anode currgms distinctively dif- Toh, R. Vemanih, T. Trottier, and P. Holloway, Mater. Res. Soc. Symp.
ferent from all previous reports on gated cNT FEAs, which SPFOC- No. 621(Materials Research Society, Pittsburgh, 2001

; SN S. H. Jo, K. W. Jung, Y. J. Kim, S. H. Ahn, J. H. Kang, H. S. Han, B. G.
either had sr:gn_lflcanégatle currents (Ijr reporge: me Ithe a;n(;deLee’ J.C.Cha, S. J. Lee, S. Y. Park, C. G. Lee, J. H. You, N. S. Lee, and
currents. The 'nset_ isplays a Fowler—Nor em p ot 0 t_e J. M. Kim, Proceedings of the 14th International IEEE Vacuum Micro-
anode current, which suggests well-behaved field emissionelectronics Conference, Davis, CA, 12—16 August 2001, pp. 31-32.
by its high linearity. Three of our other devices with similar °J. W.Nam, Y. S. Jo, M. J. Yoon, H. Y. Kim, M. A. Yu, S. H. Cho, S. J. Lee,
template structures, with cNTs grown in three separate runs;'%fégpark' K.'S. Choi, J. H. You, N. S. Lee, and J. M. Kim, Ref. 5, pp.
on separate days, also showed low threshold voltagesi¥  7f o, v. Tomihari, . Okada, K. Konuma, and A. Okamoto, IEEE Elec-
low ratios of gate current to anode curregtl} (V=35V, tron Device Lett.22, 426 (2001).
35V, 45V, and élla:0-04v 0.02, and 0.06, respectiv)ely 8D. S. Chung, S. H. Park, Y. W. Jin, J. E. Jung, Y. J. Park, H. W. Lee, T. Y.

- 0, S. Y. Hwang, J. W. Kim, N. H. Kwon, M. H. Yoon, C. G. Lee, J. H.

!_ow gqte c_urrents are necessary for_prt_aventmg gate burnou ou, N. S. Lee, and J. M. Kim. Ref. 5. pp. 179180,
In applications that require high emission Curre_nts such as. s. xu, z. S. Wu, S. Z. Deng, and Jun Chen, J. Vac. Sci. Technd®, B
high-frequency amplifiers and high-voltage switches. For101370(2001).
current gain (l,/Aly) and power gain £1,AV, /Al AV,) Q. H. Wang, M. Yan, and R. P. H. Chang, Appl. Phys. L&, 1294
devices(i.e., amplifiers, whereAl,, Al, AV,, andAV,, ar (2002.

evices(l.e., amplitier, wheredl,, Alg, AV,, @ g@® Ly Y Lee Y. T. Jang, D. H. Kim, J. H. Ahn, and B. K. Ju, Adv. Mateg,
the changes in anode current, gate current, anode load volt479 (2001,
age, and gate voltage, respectively, obviously a high ratio oFA. A. Talin, B. F. Coll, Y. Wei, K. A. Dean, and J. E. Jaski@pld Cath-

anode current to gate current ,(") (or a high ratio of odes Electrochemical Society ProceedindElectrochemical Society,
a\’g Pennington, NJ, 2000pp. 247—262.

_AIa/AIg) |s_|mp0rtant. _A high gate_ Current can limit switch- 1a_ Pirio, P. Legagneux, D. Pribat, K. B. K. Teo, M. Chhowalla, G. A. J.
ing speed if the gate impedance is high so that heat generaamaratunga, and W. I. Milne, Nanotechnologg, 1 (2002.
tion in the gates begins to degrade the device. For field emig?S. D. Ahn, Y. H. Song, S. Y. Choi, J. B. Park, J. I. Sohn, S. H. Lee, J. H.
sion displaySFEDS), a significant gate to anode current ratio ,.-€¢; ad K. I. Cho, Ref. 5, pp. 55-56.
be tolerated because the required emission current is IowD' S: Y. Hsuand J. L. Shaw, Ref. 5, pp. 51-52.
can be tolera : q . . J. L. Shaw and D. S. Y. Hsu, Ref. 5, pp. 45-46.

The single most important aspect of this letter is thel’p. s. Y. Hsu and J. Shaw, Appl. Phys. Le80, 118 (2002).
combination of low gate current and low-threshold gate voIt-iD- S. Y. Hsu ang H. F. Gray, U.S.I Parfent No. 6,084,%45ugy 2000.

; ; D. S. Y. Hsu and H. F. Gray, Appl. Phys. Le®5, 2497(1999.

age with relatively low e.mOde voltage€00 V' at 1 mm 2D, S. Y. Hsu and H. F. Gray, U.S. Patent No. 6,333,528 December
anode—substrate separajiooompared to all the other pub- 2001).

lished works on ?ated cNT FEAs. It could possibly be attrib-2'Y. Chen and D. T. Shaw, Appl. Phys. LeR6, 2469(2000.
Downloaded 12 Jul 2002 to 132.250.151.23. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



